1. The effect of varying adrenal blood flow on the rate at which it was estimated that adrenocorticotrophin (ACTH) was presented to the adrenal gland was related to right adrenal cortisol output in conscious calves fitted with 'adrenal clamps'.
INTRODUCTION
There is now abundant evidence to show that some factor or factors other than ACTH can sometimes be involved in the control of glucocorticoid secretion by the adrenal cortex and one that has been implicated is the splanchnic sympathetic innervation (Engeland, Byrnes, Presnell & Gann, 1981;  Wood, Shinsako & Dallman, 1982 a; Wood, Shinsako, Keil, Ramsay & Dallman, 1982b; Dempsher & Gann, 1983; Engeland, Lilly & Gann, 1985; Edwards, Jones & Bloom, 1986; . Recently, direct evidence has been obtained that the adrenal cortical response to ACTH is strongly potentiated by electrical stimulation of the peripheral end of the splanchnic nerve in conscious calves (Edwards & Jones, 1987 b). Vrasoactive intestinal peptide (VIP) is present in the gland (H6kfelt, Lundberg, Schulzberg & Fahrenkrug, 1981; Holzwarth, 1984) , released therefrom in response to M18 842: C. T. JONES, A. Er EDW"ARDS AND S. R. BLOOM splanchnic nerve stimulation (Bloom, Edwards & Jones, 1988) , known to stimulate steroid output from adrenal cortical tissue (Kowal. Horst, Pensky & Alfonzo, 1977; Morera, Cathiard, Laburthe & Saez, 1979; Leboulenger, Leroux, Delarue, Tonon, Charnay, Dubois, Coy & Vaudry, 1983) and mimics the effect of splanchnic nerve stimulation by potentiating the adrenal cortical response to ACTH when infused intra-aortically in conscious calves (Bloom, Edwards & Jones, 1987) .
One may reasonably conclude, therefore, that release of this peptide during splanchnic nerve stimulation contributes to the potentiation of the adrenal cortical response to ACTH which occurs under these conditions. It probably acts directly on the cortical cells because there was no significant rise in adrenal blood flow when the peptide was infused intra-aortically (Bloom et al. 1987) due to the fact that adrenal vasodilatation was roughly matched by the fall in aortic (perfusion) pressure. However, splanchnic nerve stimulation does cause a rise in adrenal blood flow (Edwards & Jones, 1987b) as do intra-aortic infusions of calcitonin gene-related peptide, which also stimulate adrenal cortisol output in the conscious calf (Bloom, Edwards & Jones, 1989) . It has been argued that such rises in adrenal cortical blood flow could well increase the rate at which ACTH is presented to the adrenal cortical cells, without any change in the concentration of ACTH in the arterial plasma (Urquart, 1965; Wood et al. 1982) , and it is therefore important to define the extent to which the delivery of ACTH to the adrenal cortex is flow-dependent.
The experiments described in the present paper were designed to assess the effect of changing adrenal blood flow on adrenal glucocorticoid output, within the physiological range, by employing the novel vasoconstrictor peptide endothelin, infused intra-aortically in order to induce a selective fall in adrenal blood flow. The results provide compelling evidence that the presentation rate of ACTH to the adrenal gland is flow-dependent under these conditions and that variations in adrenal blood flow can therefore be expected to result in significant changes in steroid output. Certain of these results have been published previously in a preliminary form (Bloom, Edwards & Jones, 1990) .
METHODS

Animals
Pedigree Jersey calves were obtained from local farms shortly after birth and used at ages ranging between 16 and 34 days (26-32 kg body weight). They were kept in individual pens and maintained on a diet of cow's milk or artificial milk (Easy-mix Volac, Volac Ltd) at a rate of 3-4 1 day-'. Food was withheld overnight prior to each operation or experiment.
Experimental procedures
Anaesthesia was induced with chloroform (Chloroform SLR, Fisons) and maintained with halothane (May & Baker, ca 2% in oxygen). Preparatory surgery involved two successive operations at intervals of 3-4 days. On the first occasion the pituitary stalk and the contents of the sella turcica were cauterized as described previously (Edwards, Hansell & Jones, 1986 ) and narrowbore polytetrafluoroethylene (Teflon) catheters were inserted into the saphenous arteries so that the tip of one lay in the lower thoracic aorta with the other in the abdominal aorta. The latter was used subsequently to monitor aortic blood pressure and heart rate and for collection of arterial blood samples. The catheter with the tip in the thorax was employed for intra-aortic infusions of endothelin above the level of the adrenal gland. During the second operation the right kidney was removed, the right renal vein was cannulated and an adrenal clamp emplaced (Edwards, Hardy & Malinowska, 1974; Edwards. Furness & Helle, 1980) . The right splanchnic nerve was cut 378 ADRENAL BLOOD FLOW" AND CORTISOL OUTTPUrT 379 immediately below the diaphragm and a Braunula cannula inserted into the jugular vein to provide a conduit for i.v. infusions of ACTH.
The animals were maintained by replacement therapy with cortisol (Efcortesol; Glaxo) at a dose of 2-0 mg day-' kg-' and deoxycortisone acetate (Sigma) at a dose of 0-2 mg day-' kg-' following cauterization of the pituitary stalk, with an additional dose of 8-0 mg kg-' on the day of the first operation. These steroids were administered by i.M. injection at 09.00 and 17.00 h and were withheld on the morning of the day on which the adrenal clamp was emplaced and the experiment performed. Following recovery from anaesthesia on the second occasion, arterial plasma glucose was monitored continuously and the animals were given i.v. infusions of glucose (dextrose monohydrate; Veterinary Drug Co.) at a dose of 2-3 mg min-' kg-', if this appeared to be necessary to maintain arterial plasma glucose concentration above 3 0 mmol l-1.
Experiments were carried out 3-4 h after surgery, during which time the animals had made a full recovery from anaesthesia. Endothelin 1 (Nova Biochemicals (UK) Ltd) was dissolved in an appropriate volume of physiological saline, containing 2 % bovine albumin (Sigma) and 1000 KIU ml-' aprotinin (Trasylol; Bayer), for intra-aortic infusion at a dose of either 15-0 or 7-5 pmol min-' kg-' (1 ml min-') for 10 min. ACTHl-24 (Synacthen; CIBA) was dissolved in saline and infused i.v. at a dose of 2 ng min-' kg-' (1-0 ml min-') for 50 min and the effects of endothelin, in the presence of ACTH, were tested by infusing it intra-aortically for 10 min after ACTH had been infused i.v. for 20 min. Assay of ACTH in the infusate emerging from the catheter at the end of the infusion showed that the concentration was 90 + 10 % of that expected. Aortic blood pressure was monitored continuously by means of a Devices M19 recorder. Right adrenal blood flow was estimated gravimetrically and corrected for packed cell volume before the output of cortisol from the gland was calculated. Adrenal vascular resistance was estimated by dividing the perfusion pressure (mean aortic blood pressure) by the right adrenal blood flow. Adrenal cortisol output was estimated from the concentration in the adrenal effluent plasma and adrenal plasma flow at the time of collection and expressed as unit weight min-' (kg body weight)-'.
Analytical procedures
Samples of arterial blood were collected at intervals into heparinized tubes containing phenylmethylsulphonyl fluoride (PMSF; final concentration 0-1 mm; Sigma) for packed cell volume, glucose, ACTH, cortisol and met5-enkephalin estimations. Samples of adrenal venous effluent blood were collected in the same way for cortisol and aldosterone estimations and into tubes containing 2-3 mg EDTA for catecholamine estimations. Each was then centrifuged at 4°C as soon as possible and the plasma stored at -20 or -70 'C.
ACTH and cortisol were measured by radioimmunoassay (Jones, Boddy, Robinson & Ratcliffe, 1977) . Aldosterone was measured by radioimmunoassay essentially as described by Flood, Pincus, Tait, Tait & Willoughby (1967) using an aldosterone kit (Radiochemical Specifications; Cat. No. C-302). Endothelin was measured by a specific radioimmunoassay developed by Dr K. Takahashi at the Hammersmith Hospital in London. Plasma samples were extracted by Sep-Pak C18 cartridges and reconstituted with assay buffer. The recovery of peptide following this extraction procedure was determined by adding synthetic endothelin-1 to plasma (5 fmol endothelin (ml plasma)-' and 25 fmol endothelin (ml plasma)-' yielded 72 + 14 % and 102 + 20 % (mean + S.D.; n = 7) recovery, respectively). Antiserum to endothelin-1 was raised by injecting the synthetic peptide, conjugated with bovine serum albumin by the diazo technique, into rabbits. The antiserum was used at a final dilution of 1:28000. Synthetic endothelin-1 (Peptide Institute, Osaka, Japan) was used for standard and iodination, with Na"2'I by the chloramine-T method, and purified by high-performance liquid chromatography. The sensitivity of this assay was 0 5 fmol tube-' or 250 fmol [-' individual plasma sample with 95 % confidence. In all other respects the procedures which were adopted have been described previously Edwards & Jones, 1987 b) . Results are expressed as mean values +S.E. of mean. Statistical tests were made according to Snedecor & Cochran (1967) . As previously, animals in which the arterial plasma ACTH concentration did not fall below 20 pg ml-' were excluded from the study on those grounds alone as not having been effectively hypophysectomized.
Post-mortem examinations
After each experiment was concluded the animal was killed by the injection of a lethal dose of sodium pentobarbitone (Sagatal; May & Baker) and the right adrenal gland together with the 380 C. T. JONES, A. V. EDWARDS AAND S. R. BLOOM adrenal clamp were removed. The positioning of the clamp was then checked and the glanld was inspected to ensure that there was no haemorrhage or oedema. 
RESULTS
Cardiovascular responses to endothelin
Intra-aortic infusions of endothelin at either 7-5 or 15-0 pmol min-' kg-' for 10 min, which raised the mean plasma endothelin concentration by between 6-5 and 9.5 pmol 1-1, produced a dose-dependent reduction in right adrenal blood flow in functionally hypophystectomized calves receiving a continuous infusion of ACTH at a dose of 2 ng min-' kg-'. Thus mean right adrenal blood flow fell from 347 + 50 to 179 + 43 #1d min-' kg-' (P < 0-05) during endothelin infusion at the lower dose and from 363 + 64 to 116 + 27 4al min-' kg-1 (P < 0-02) during endothelin infusions at the higher dose (Fig. 1) . These doses raised aortic blood pressure by no more than 10 mmHg and were not associated with any significant change in mean heart rate (Fig. 1) . Calculation of the changes in mean right adrenal vascular resistance during ADRENAL BLOOD FLOW AND CORTISOL OUTPUT 381 these experiments from the above data showed that it increased by 120+23% during the infusions at 7 5 pmol min-' kg-' and by 316 + 55 % during the infusions at 15-0 pmol min-' kg-'. Neither dose produced any behavioural signs of awareness in any of these animals nor was there any detectable change in packed cell volume which was also monitored routinely (data not shown). Adrenal cortical responses to endothelin Intravenous infusion of synthetic exogenous ACTH raised the concentration of ACTH in the arterial plasma of functionally hypophysectomized calves from 12 +1 to between 450 and 530 pg ml-' within 15 min and for the duration of the infusion thereafter. This was associated with a rise in mean right adrenal cortisol output from 19 + 2 ng min-' kg-' to about 250 ng min-' kg-', and a rise in mean plasma cortisol concentration from 2 + 1 to 26 + 1 ng ml-'. Subsequent infusions of endothelin had no effect on the mean concentration of ACTH in the arterial plasma but produced an abrupt fall in right adrenal cortisol output which was associated with a fall in the concentration of cortisol in the peripheral plasma (Fig. 2) . During infusion at the lower dose mean cortisol output fell from 241 + 21 to 156+13 ng min-1 kg-' and mean plasma cortisol concentration from 26 + 1 to 20 + 2 ng ml-'. The corresponding values during infusion at the higher dose were 272 + 16 and 102 + 9 ng min-' kg-' in the case of cortisol output and 2,6 +±1 and 16 + 2 ng ml-' in the case of plasma cortisol concentration (Fig. 2) .
The question whether the fall -in mean right adrenal cortisol concentration was a direct consequence of the reduction in the blood flow through the gland was addressed by calculating mean right adrenal presentation rate (from right adrenal plasma flow and arterial plasma ACTH concentration) and plotting the values against mean right adrenal cortisol output in respect of the samples collected before and after endothelin infusions (0, Fig. 3 ). The relation was clearly linear with r = 0-944. Furthermore the relation between cortisol output and adrenal ACTH presentation in respect of samples collected during the endothelin infusions (@, Fig. 3) is closely similar and certainly not significantly different. Similarly, it was found that, in the case of samples collected before and after endothelin infusion (0, Fig. 4 ), mean right adrenal cortisol output was linearly related to mean arterial plasma concentration (r = 0-875) and the relation between samples collected during the infusions (@, Fig. 4 ) did not differ significantly from that relation. Each of these latter points fell slightly above the regression line, presu.nably by an amount determined by the delay between the fall in cortisol output and its full reflection in a reduced plasma cortisol concentration. These infusions of endothelin had no detectable effect on the output of catecholamines, enkephalins, aldosterone or of corticotrophin-releasing factor from the gland, nor did they affect the concentration of glucose in the circulating plasma (data not shown). I  I  0  20  40  60  80  100  120  140 Adrenal ACTH presentation rate (pg min-1 kg-1) Fig. 5 . Relation between mean right adrenal cortisol output and adrenal ACTH presentation rate in three functionally hypophysectomized calves given endothelin at 15 pmol min-' kg-' intra-aortically during the course of a continuous i.v. infusion of ACTH. ACTH was infused at a dose of 2 ng min-' kg-' before and after endothelin but at a higher dose (4-6 ng min-' kg-') during endothelin infusion. 0. samples collected before and after the infusion of endothelin. 0, samples collected during the infusion of endothelin. The regression line was calculated by the method of least squares applied to the values obtained before and after endothelin infusions. The dashed line represents the regression -2 S.D.
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C. T. JONES, A. V. EDWARDS AND S. R. BLOOM The possibility that the fall in steroid output which occurred when adrenal blood flow was reduced might conceivably be due to a direct constraint upon steroidogenesis, independent of the fall in the presentation rate of ACTH, was also investigated in a further small group of three functionally hypophysectomized calves. In these animals endothelin was infused intra-aortically and, as the adrenal blood flow fell, the dose of ACTH which was infused was increased from 2 to between 4 and 6 ng min-' kg-' so as roughly to maintain the presentation rate at a steady value. When mean right adrenal cortisol output was related to the rate of adrenal ACTH presentation under these conditions none of the values during the period of reduced adrenal blood flow differed significantly from the relation between the two parameters before or after (Fig. 5 ). We therefore conclude that the fall in steroidogenesis, which occurs when the adrenal blood flow is artificially reduced, cannot be accounted for by any direct limitation this imposes on the steroidogenic process but reflects the reduced rate at which ACTH is presented to the gland.
DISCUSSION
Endothelin is a novel vasoconstrictor peptide which is produced by certain endothelial cells and was first isolated by Yanagisawa and colleagues (Yanagisawa, Kurihara, Kimura, Tomobe, Kobayashi, Mitsui, Yazaki, Goto & Masaki, 1988) . It acts directly on the vascular smooth muscle, producing constriction by increasing the intracellular calcium concentration (Yanagisawa & Masaki, 1989) . In the present experiments intra-aortic infusions of small doses of the peptide (7-5-15-0 pmol min-' kg-') produced substantial increases in adrenal vascular resistance with only comparatively small rises in mean plasma endothelin concentration (< 10 pmol 1-1) and aortic blood pressure (less than 10 mmHg). Thus, endothelin provided an ideal tool for the purpose of this study because the rises in adrenal vascular resistance were not compensated for by rises in perfusion pressure and so substantial falls in adrenal blood flow were achieved. Adrenal vasoconstriction was invariably associated with a fall in right adrenal cortisol output, the extent of which could be accounted for by the fall in the rate at which it was estimated that ACTH was being presented to the gland under these conditions. Falls in mean adrenal cortisol output were associated with falls in mean arterial plasma cortisol concentration and a closely linear relation between these two variables provides evidence of a causal relation.
We conclude from these findings that changes in adrenal blood flow result in changes to adrenal cortisol output within the normal physiological range because of the consequential changes in the rate at which ACTH is presented to the gland. Accordingly, the vasodilator effect of agonists such as VIP, which potentiates the steroidogenic action of ACTH (Bloom et al. 1987) , or calcitonin gene-related peptide, which stimulates adrenal steroidogenesis in the absence of exogenous ACTH (Bloom et al. 1989) , can be assumed to contribute to such effects. It cannot, however, account for them entirely for reasons given elsewhere (Bloom et al. 1987 (Bloom et al. , 1989 . The fact that cortisol output was consistently related to adrenal ACTH presentation in a closely linear fashion over a wide flow range in these experiments suggests that total adrenal blood flow provides a reliable index of adrenal cortical flow. This would accord with expectation if the proportional flow to the cortex far exceeds that to the medulla, as 384 has been established in the rat (Sparrow & Coupland, 1987) . It has recently been reported that endothelin stimulates aldosterone secretion from cultured bovine zona glomerulosa cells in vitro (Cozza, Gomez-Sanchez, Foecking & Chiou, 1989) , albeit at far higher doses than those employed in the present study. If the peptide had exerted a direct effect on cortisol synthesis, apart from its vasoconstrictor effect, one would have expected to detect this when cortisol output was plotted against ACTH presentation rate, as it can be both during splanchnic nerve stimulation and intraaortic VIP infusion in these animals . In fact right adrenal cortisol output was found to accord strictly with that to be expected from the existing presentation rate of ACTH throughout these experiments and there was no change in the output of aldosterone.
It has long been known that ACTH exerts a potent vasodilator effect specifically on the adrenal vasculature (Balfour, 1953) , which is independent of its steroidogenic action (Edwards, Hardy & Malinowska, 1975) . The present results highlight the physiological importance of this action by the finding that artificial reduction of the blood flow reduces cortisol output without affecting the concentration of ACTH in the arterial plasma. The flow dependence of the adrenal cortical response to ACTH also provides a possible explanation for the fall in adrenal sensitivity to ACTH which occurs following adrenal denervation in conscious calves and sheep as this procedure has been shown to reduce adrenal blood flow in the dog (Engeland et al. 1985) .
